Cellulase production by Aureobasidium pullulans from the temperate regions has remained speculative, with most studies reporting no activity at all. In the current study, tropical isolates from diverse sources were screened for cellulase production. Isolates were grown on a synthetic medium containing cell walls of Msasa tree (Brachystegia sp.) as the sole carbon source, and their cellulolytic activities were measured using carboxymethyl cellulose and α-cellulose as substrates. All isolates studied produced carboxymethyl cellulase (endoglucanase) and alpha-cellulase (exoglucanase) activity. Endoglucanase-specific activities of ten selected isolates ranged from 2.375 to 12.884 µmol glucose·(mg protein) -1 ·h -1 , while activities on α-cellulose (exoglucanase activity) ranged from 0.293 to 22.442 µmol glucose·(mg protein) -1 ·day -1 . Carboxymethyl cellulose induced the highest cellulase activity in the selected isolates, while the isolates showed variable responses to nitrogen sources. The current study indicates that some isolates of A. pullulans of tropical origin produce significant extracellular cellulolytic activity and that crude cell walls may be good inducers of cellulolytic activity in A. pullulans.
Introduction
Aureobasidium pullulans (de Bary) Arnaud is a ubiquitous yeast-like saprophytic fungus that occurs commonly in the phyllosphere of many crop plants and on various tropical fruits (Deshpande et al. 1992; Schena et al. 1999; Okagbue et al. 2001) . The organism's ability to produce extracellular enzymes has attracted considerable biotechnological interest because these hydrolytic enzymes have known or potential commercial value in various industries (Deshpande et al. 1992) . Microbial enzymes are becoming increasingly important in a number of applications (Berry and Patterson 1990; Deshpande 1992; Pastore 2002) . Cellulases have diverse applications in environmental, food, agricultural, and textile industries. Fungal cellulases are used alone or in conjunction with pectinases, β-glucanases, and starch-degrading enzymes in brewing, cereal processing, fruit and juice processing, food fermentations, wine production, mushroom processing, extraction of natural products, alteration of texture of foods, and alcohol fermentation (Berry and Patterson 1990; Bigelis 1993) . Cellulases have also found a number of industrial applications in the textile industries (Cavaco-Paulo et al. 1996) . For example, they are used to improve the appearance of cellulosic fibres and used as a replacement for pumice stones in the "stone washing" process. Research efforts are continuing in an endeavor to convert food processing wastes to food ingredients, single-cell proteins, or substrates for microbes that convert biomass to fuels (Bigelis 1993) . In addition, cellulases are also potentially useful for converting cellulosic plant polymeric biomass into single-cell protein and biofuels (Goksoyr and Eriksen 1980; Wood 1985; Coughlan 1992) .
Studies from different countries indicate high strain variability in A. pullulans. This includes differences in the enzymatic potential or the properties of the enzymes. A number of records have reported A. pullulans as noncellulolytic. Dennis and Buhagiar (1973) studied 117 strains of A. pullulans and found none of their isolates to have cellulolytic activity. A total of 198 isolates studied in Italy did not show cellulolytic activity (Federici 1982) . In a status report on the organism, Deshpande et al. (1992) reported a lack of filter paper activity in A. pullulans. None of the strains used by Leathers (1986) showed significant growth on microcrystalline cellulose or carboxymethyl cellulose. More recently, 46 tropical isolates from South America studied by Buzzini and Martini (2002) did not show any cellulolytic activity. However, Pou et al. (1988) reported an induction of cellulase activity in A. pullulans.
In an earlier paper, we reported the production of the terminal enzyme in cellulose breakdown, β-glucosidase, in some of our isolates (Okagbue et al. 2001) . The aim of the present study was to screen tropical isolates of A. pullulans for the presence of the cellulase complex and to assess the cellulolytic capabilities of the strains on cellulosic substrates, including crude plant cell walls.
Materials and methods

Cultures and chemicals
Isolation, purification, and maintenance of isolates was carried out as described by Okagbue et al. (2001) . All isolates were obtained from leaves and fruits of diverse indigenous plants (Table 1) from areas around Bulawayo, Zimbabwe. Ten isolates representative of various colour variants were used in these assays. The chemicals used in the study were purchased from Sigma Chemical Company, St. Louis, Missouri.
Cell wall preparation
Crude cell walls were prepared from Msasa (Brachystegia spiciformis) stem segments, as described by Mwenje and Mguni (2001) . Fresh stem segments were ground into fine sawdust using a bend saw. The sawdust was then soaked in ethanol (96%) for 1 h, filtered through Whatman filter paper (No. 1), and rinsed in ethanol for 10 min. This was then followed by two extractions in acetone (10 min each), and the resulting crude cell walls were then air-dried. The chemical treatment was done to remove phenolic compounds that may inhibit both fungal growth and enzyme activity.
Cultivation of selected A. pullulans isolates for production of extracellular cellulases
A loopful of each isolate was inoculated into 250-mL conical flasks containing 1 g of sterile sawdust and 35 mL of minimal salts medium. The flasks were shaken in an incubator (25°C) for 7 days. The cultures were then filtered using Whatman No. 1 filter paper, and the filtrate was further clarified by centrifugation at 5000g. The supernatant was collected as enzyme preparation and used for enzymatic assays.
Enzyme activity assays
Endoglucanase activity was determined by estimating an increase in reducing groups using the dinitrosalicylic acid (DNSA) assay, as described by Miller (1959) . The enzyme reaction mixture contained 500 µL of crude enzyme and 500 µL of 1% carboxymethyl cellulose in 0.2 mol/L sodium acetate buffer (pH 5.5, previously obtained as optimum pH for enzyme activity). For exoglucanase activity, 500 µL of 1% α-cellulose in 0.2 mol/L sodium acetate buffer (pH 5.5) was used as substrate. For each experiment two reactions were set up: one was incubated at 30°C for 1 h and the other at the same temperature for 24 h. After incubation, each reaction mixture was made up to 1.5 mL with sterile distilled water and assayed for reducing sugars. A control was also prepared in which boiled enzyme filtrate was used in place of the crude enzyme preparation. Three replications were carried out for each experiment.
Determination of protein concentration
The protein concentrations of all culture filtrates were determined by the Bradford method (Bradford 1976) , using the kit available from Bio-Rad Laboratories (München, Germany). For each assay, water controls and 20 µg/mL of bovine serum albumin (BSA) standards were included.
Effect of the nitrogen source on cellulase production
Each of four nitrogen sources (gelatin, casein, yeast extract, and diammonium hydrogen phosphate) was tested for suitability as a sole nitrogen source for cellulase production. The nitrogen sources were added at 1.0% into 10-mL aliquots of modified minimal salts medium. Into each universal tube, ampicillin was added to a concentration of 50 µg/mL before inoculating with 200 µL of each of the stock cultures. The cultures were then incubated at 25°C with shaking at 175 r/min for 7 days. 
Effect of carbon source on cellulase production
Each of the carbon sources (carboxymethyl cellulose, α-cellulose, plant cell walls, and filter paper) was tested for suitability as a sole carbon source for cellulase production. The carbon sources were added at 2.0% into 10-mL aliquots of modified minimal salts medium. Ampicillin was then added to each universal tube at 50 µg/mL, and the tubes were inoculated with a 200-µL broth of each of the isolates. The cultures were then incubated at 25°C for 7 days.
Results
All isolates analysed produced significant carboxymethyl cellulase activity within an hour of incubation (Fig. 1) . Significant α-cellulase activity was only detected after 24 h of incubation (Fig. 2) . For all isolates, carboxymethyl cellulase activities were higher than α-cellulase activities. Cellulase enzyme activities varied widely among the isolates investigated. Isolate Ap38 showed exceptionally high α-cellulase activity after 24 h, while isolates Ap34, Ap41, and Ap44 showed comparatively low activities (Fig. 2) .
The preferred nitrogen source for enzyme production was diammonium hydrogen phosphate for isolate Ap20 and yeast extract for isolate Ap33 (Table 2 ). Both isolates produced highest enzyme activity when grown on carboxymethyl cellulose as carbon source (Table 3) . Addition of the surfactant Tween 80 to cell walls led to a 2.5-fold increase in enzyme production for isolate Ap20, while enzyme production was only slightly increased for isolate Ap33. However, using carboxymethyl cellulose instead of plant cell walls as carbon source led to a sevenfold increase in enzyme production by isolate Ap33.
Discussion
The presence of cellulase activity is interesting because cellulase activity has been reported to be lacking in A. pullulans by a number of authors (Buzzini and Martini 2002; Leathers 1986; Federici 1982; Dennis and Buhagiar 1973) . However, Deshpande et al. (1992) reported carboxymethyl cellulase activity from the work of Rosci and Liege (1971) . While cellulase activity is variable in A. pullulans, cellulase induction on cell walls has not yet been reported. It is possible that the substrate may be a good promoter of cellulase activity. This may have negative implications on the pathogenicity and wood degradation capacity of this ubiquitous organism and, positively, may have a potential to increase the number of isolable cellulolytic yeast-like fungi. It is also interesting that in our laboratory A. pullulans was first isolated from avocado pears showing soft rot symptoms (Mwenje et al. 2004, in press ). However, the involvement of the A. pullulans in the soft rot was not investigated further. Endoglucanase activity was higher than exoglucanase activity possibly because it is believed to be the rate-limiting activity (Mandels 1982; Enari 1983) . Alone, it hydrolyses amorphous regions of glucan chains on the surface of the cellulose fibrils. Exoglucanase activity can only split off cellobiose from the exposed nonreducing chain ends. When all the nicked chain ends have been removed, exoglucanase cannot attack the newly exposed glucan chains. The endoglucanase has to again hydrolyse the exposed glucan chains to expose nonreducing ends.
Since we have already reported the existence of β-glucosidase (Okagbue et al. 2001) , this means that given enough time, the isolates may be capable of carrying out complete cellulase activity. Most of the isolates studied in this work exhibited appreciable levels of enzyme activity on both carboxymethyl cellulose and α-cellulose when compared with the levels obtained by Osagie and Obuekwe (1991) for Fusarium oxysporum and by Abhaykumar and Dube for Vibrio agarliquefaciens (1992) . By altering carbon and nitrogen sources, it was also possible to increase enzyme production by isolates Ap33 and Ap20 to levels similar to those of cellulase hyperproducing fungi. This is particularly important as A. pullulans grows unicellularly and is thus preferred for cultivation in fermenters compared with microorganisms that grow in filamentous form. A variability in the preference for nitrogen source could be explained by strain variability, which is already known about the organism (Deshpande et al. 1992) . The preference of the isolates for carboxymethyl cellulose as carbon source is consistent with findings of Dominguez et al. (1986) who showed that carboxymethylation of cellulose significantly enhanced initial rates of enzymatic hydrolysis of cellulose and increased yields of reducing sugars. The enhanced enzyme release with the addition of the surfactant Tween 80 is consistent with the findings of Okagbue et al. (2001) , i.e., that surfactants significantly increased extracellular production of certain hydrolytic enzymes in fungi. It was suggested that surfactants increased membrane permeability, which enhanced both nutrient uptake and release of enzymes into the culture medium.
Although the organism is mostly considered as a secondary organism in the damage to plants and fruits, its ability to produce cellulases and in particular to degrade plant cell walls is potentially important economically, as it can be implicated in biodeterioration of plant material. However, this process can be positively harnessed in environmental pollution control where A. pullulans can be used for treating cellulosic industrial wastes, producing useful hydrolytic products. In addition, the cellulases are potentially useful in many industrial applications as already mentioned.
